Functionally, the methods for addressing contamination must remove and/or reduce transport or toxicity of contaminants. This problem is particularly challenging in arid environments where the vadose zone can be up to hundreds of feet thick, rendering transitional excavation methods exceedingly costly and ineffective. Delivery of remedial amendments is one of the most challenging and critical aspects for all remedy-based approaches. The conventional approach for delivery is through injection of aqueous remedial solutions. However, heterogeneous vadose zone environments present hydrologic and geochemical challenges that limit the effectiveness. Because the flow of solution infiltration is dominantly controlled by gravity and suction, injected liquid preferentially percolates through highly permeable pathways, bypassing low-permeability zones which frequently contain the majority of the contamination. Moreover, the wetting front can readily mobilize and enhance contaminant transport to underlying aquifers prior to stabilization. Development of innovative, in-situ technologies may be the only way to meet remedial action objectives and long-term stewardship goals. Shear-thinning fluids (i.e., surfactants) can be used to lower the liquid surface tension and create stabile foams, which readily penetrate low permeability zones. Although surfactant foams have been utilized for subsurface mobilization efforts in the oil and gas industry, so far, the concept of using foams as a delivery mechanism for transporting reactive remedial amendments into deep vadose zone environments to stabilize metal and long-lived radionuclide contaminants has not been explored. Foam flow can be directed by pressure gradients rather than being dominated by gravity, and, foam delivery mechanisms limit the volume of water (< 20% vol.) required for remedy delivery and emplacement, thus mitigating contaminant mobilization. We will present the results of an integrated laboratory-/ intermediate-scale investigation to simulate, develop, demonstrate, and monitor (using advanced geophysical techniques and natural marker monitoring) foam-based delivery of remedial amendments to stabilize metals and radionuclides in vadose zone environments.
INTRODUCTION
Deep vadose zone environments can be a primary source and pathway for contaminant migration to groundwater. These environments present unique characterization and remediation challenges that necessitate scrutiny and research. The thickness, depth, and intricacies of the deep vadose zone, combined with a lack of understanding of key subsurface processes (e.g., biogeochemical and hydrologic processes) affecting contaminant migration, make it difficult to create validated conceptual and predictive models of subsurface flow dynamics and contaminant behavior across multiple scales. These factors also make it difficult to design and deploy sustainable remedial approaches and monitor long-term contaminant behavior after remedial actions.
Delivery of amendments within vadose zone environments is a challenging and critical aspect for all remedy-based remediation approaches. The conventional approach for amendment delivery is through injection or infiltration of chemical solutions. However, delivery of remedial solutions through a heterogeneous deep vadose zone environment encounters hydrologic and geochemical challenges.
First, because the flow of solution infiltration is dominantly controlled by gravity and suction, preferential flow paths of the solution in the deep vadose zone are very difficult to overcome. Injected liquid preferentially percolates through the high permeability (high-k) pathways at high infiltration rates potentially bypassing low-permeability (low-k) zones, which may contain the majority of contamination. Generally, vertical migration is observed through high-k zones and lateral migration observed deeper in the low-k zones of the vadose zone [1] .
Second, the wetting front of a water-based delivery can readily mobilize contaminants with high mobility retained in the vadose zone sediments. Once the pore water is mobilized by the injected solution, it moves downwards to the aquifer. This potentially enhances contaminant transport to the underlying aquifer before it interacts with the amendment.
FOAM DELIVERY SYSTEMS FOR REMEDIAL AMENDMENTS
Foam is a dispersed phase of gas in a liquid. Foam formation is a dynamic process in which a non-wetting gas is dispersed in a continuous surfactant-laden liquid phase. It is an emulsion-like, two-phase system in which gas cells are dispersed in a liquid and separated by thin liquid films called lamellae [2] . The non-Newtonian, shear-thinning fluid [3, 4] provides enhanced migration through low-permeability, heterogeneous porous media resulting in better sweeping efficiency over the contaminated zone [3, 5] .
Foams generally are classified into two broad categories: polyhedral foam and microfoam [6] . Polyhedral foams consist of polyhedral bubbles that are separated by thin liquid films. Microfoams consist of very small spherical bubbles with bimolecular oriented surfactant shells [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A comparison of the characteristics of the two types of foam is presented in Table 1 . In comparison to polyhedral foams, microfoams are more stable and have, therefore, been used in applications such as soil remediation for mobilizing dense non-aqueous phase liquid (DNAPL) from sediments [5, [18] [19] [20] [21] and enhanced oil recovery. Initial results support the concept of using foam for distribution of remedial amendments within vadose zone environments as this method involves minimal change in water content and can achieve more uniform distribution relative to other methods [22] [23] [24] .
In contrast to solution flow in water-based delivery systems, foam flow under vadose zone conditions is not dominated by gravity; rather, it can be directed by pressure gradients in the sediments. This allows resolution of uneven remedial fluid distribution in heterogeneous subsurface environments. Furthermore, the use of foam also provides better control on the volume of fluid (< 20% vol.) required for remedy delivery and emplacement, thereby minimizing the potential for contaminant mobilization [25] .
The objective of this initiative is to transform foam technology into a viable method for delivering remedial amendments to vadose zone environments. Critical to successful implementation of this technology is the ability to monitor delivery, placement and contaminant plume behavior for real-time optimization in deep subsurface environments. Therefore, advanced geophysical methods are being developed to characterize controlling properties and induced processes at a high enough spatial resolution for accurate assessment of foam-based delivery technologies for deep vadose zone treatments. Furthermore, the addition of microbial community markers provides additional, contextual information that can be used for monitoring fate and efficacy of remedial treatments. [26] . The rate of foam injection was 175 mL/min at about 6 psi; air was extracted from the extraction side at the same rate. After the test was completed, samples of the sediments were collected in a grid-like pattern throughout the flow cell. These samples were analyzed for moisture content, pH, surfactant concentration, total and leachable uranium.
REACTIVE CARRIER MICROFOAMS
The results indicated that the final moisture content was dependent upon the texture of the sediment, with the fine textured sediment possessing the highest, 12%, moisture content (Fig. 2 ).
The pH values of samples of post-test sediments indicated that foam infusion did not significantly change the pH values due the inherent buffering capacity of the sediments. However, a slight increase in pH value was observed at the extraction side of the test cell indicating that these sediment samples were enriched in phosphate amendment. Also, the fluid/foam emerging from the extraction well had pH values approaching 9 SU (Fig. 3 ).
The concentration of surfactants in the fluid/foam emerging from the test cell was depleted relative to the concentrations in the influent foam, indicating that a fraction of the surfactants had adsorbed onto the sediments (Fig. 4) . To confirm this observation, sediment samples were analyzed to determine the adsorbed surfactant concentrations. The data indicated that higher concentrations of surfactants were associated with fine-grain material (K3). Also, many of the sediment samples closer to the influent end contained relatively higher surfactant concentrations. The distribution of surfactant in the test bed showed that the saturation levels for the coarse grained sediments (K1 and K2) were about 250 -300 ppm and the fine-grained K3 sediment could adsorb up to about 400 ppm. The total and leachable concentrations of uranium indicated that the bulk of the uranium had remained within the original zone, suggesting potential in-situ stabilization (Fig. 5) . Less than 3% of the uranium had moved 6 cm and <0.5% of the uranium was detected about 25 cm from the contaminated zone. Beyond this range, uranium concentrations were at background levels (0.5 -0.7 ppm). Also, the fluid/foam collected from the extraction port contained very low uranium concentration (0.8 ppb).
These results suggest that the foam-based delivery of remedial amendments has the potential to advance remediation strategies for effective treatment of contaminants and mitigate the contaminant flux from the deep vadose zone to groundwater.
ADVANCED MONITORING APPROACHES FOR SUBSURFACE EMPLACEMENT AND PERFORMANCE OF REMEDIAL AMENDMENTS
Integral to the successful development of any remedial technology is the ability to monitor, and eventually predict, the delivery, emplacement, and long-term performance of the treatment. In general, such monitoring is complicated by subsurface heterogeneity and by the disparity of scales across which hydrological properties span because these properties control the distribution of the remedial amendment and thus the location of subsequent transformations. Conventional techniques for subsurface hydrobiogeochemical monitoring rely on wellbore-based approaches to collect samples or make measurements. Because of their limited spatial extent, these methods often cannot provide sufficient information to describe key controls on subsurface flow and transport. This is especially true in the vadose zone, where vertical infiltration pathways can form as a result of variable saturation and heterogeneity and where fluid recovery for sampling can be challenging.
The inability to conventionally characterize controlling properties and induced processes at a high enough spatial resolution, and over a large enough spatial extents, prohibits accurate assessment of foam-based delivery technologies for deep vadose zone treatments. To this end, we are advancing the application of radar and complex resistivity methods, which encompass three different geophysical attributes.
Briefly, radar methods are expected to provide information about the dielectric constant, which is sensitive to soil moisture and may also respond to the reactive foam. Complex resistivity measures both the frequency-dependent electrical conductivity and induced phase response of the media to an external current. The electrical conductivity is expected to be useful primarily for monitoring the change in saturation and total dissolved solids (TDS) associated with the reactive foam.
Finally, microbial markers will be used as a long-term monitoring approach to assess the effectiveness of remedial treatment and reaction of community dynamics. This profiling can be performed rapidly at the point source and at downstream gradients where microbial community changes may occur in advance of measurable geochemical metrics; thereby, providing a highly sensitive "warning" of possible changes in contaminant plume behavior or the need for additional in situ remediation.
ADVANCED GEOPHYSICAL APPROACHES
Geophysical methods have been used in recent years to improve the characterization of near subsurface properties and processes [27] . Because geophysical data can be collected from many different platforms (such as at the ground surface, between wellbores, and within wellbores), they can interrogate subsurface variability over a variety of spatial scales and resolutions. The main advantage of using geophysical data over conventional measurements is that geophysical methods can provide spatially extensive information about the subsurface in a minimally invasive manner at a comparatively high resolution.
A particularly attractive feature of geophysical methods for subsurface process monitoring is the ability to collect a suite of continuous datasets at the same location as a function of time. Time-lapse geophysical imaging can be extremely useful for monitoring the temporal evolution of a process because it effectively "removes" the response of the geophysical signatures to the components of the system that are static (such as lithology) and illuminates the components of the system that change over time. These approaches have been effectively used for hydrological investigations to monitor vadose zone water infiltration [28, 29] and to track the spatiotemporal distribution of a polylactate amendment into Cr(VI)-contaminated groundwater and associated biogeochemical responses [30] . Hubbard et al. [30] also highlighted the significant control of heterogeneity on the location of amendment and biogeochemical transformations. Recent efforts have explored how geophysical methods can be used to track the evolution of pore structures and field-scale flow paths associated with remediation-induced end-products, such as precipitates or gases (e.g., [30] [31] [32] ). Current studies also have illustrated that strong feedbacks occur between remediation-induced biogeochemical transformations and flow characteristics at the field scale [33, 34] .
The ability to meaningfully interpret the geophysical data in terms of flow and transport parameters requires an understanding of how geophysical signatures respond to a variety of subsurface alterations associated with the remedial treatment. One such alteration is the introduction of the remedial treatment into porous medium and the subsequent biogeochemical transformations that occur as a result of the treatment. The ability to geophysically distinguish processes associated with a remedial treatment is a function of many factors, including: (1) the geophysical method and acquisition geometry that is employed; (2) the contrast in geophysical properties induced by different components of the treatment process; and (3) the scale of the region that is impacted relative to the footprint of the geophysical method.
Application of complex resistivity and radar methods encompass three different geophysical attributes that may be useful for quantifying foam distribution and reactivity: radar velocity, complex resistivity phase response, and electrical conductivity. These methods are briefly described below.
RADAR METHODS.
Time-Domain Reflectometer (TDR) and radar methods will be used to measure electromagnetic wave propagation characteristics over the approximately 100 -1000 MHz range at the laboratory and field scales, respectively. TDR methods involve propagating an electromagnetic signal along waveguides inserted into the material of interest, and measuring the velocity and amplitude of the traveling wave [35] . Radar data acquisition consists of placing a transmitter and a receiver in separate locations, and moving them successively until many transmitter and receiver locations have been occupied. The travel time of the direct arrival and associated amplitude information is extracted from the recorded waveforms, and inversion algorithms are used to transform this information into estimates of velocity and attenuation. This is illustrated in Peterson's 2001 study [36] .
At the frequency of operation for TDR and radar systems, the separation (polarization) of opposite electric charges within a material subjected to an external electric field dominates the electrical response. The dielectric constant (  ), which used to describe these high-frequency electrical properties, can be approximated from the velocity (V) of the radar signal [37] by:
where c is the propagation velocity of electromagnetic waves in free space. The dielectric constant obtained from travel times is often used within dielectric mixing models to explore the dielectric contribution from a variety of components (Wharton et al., 1980) such as the idealistic expression for a three-component, soil-water-air system:
In Equation (3), S is water saturation; n is the soil porosity;  w ,  g and  a are the unitless dielectric constant values of pore water, soil grains, and air, respectively.  respect to the geometry of the medium (which is commonly assumed to be 0.5 for an isotropic medium). Given that the dielectric constant of water (80) is high relative to typical values for grains (4) (5) (6) (7) (8) and air (1), the mixing formula shown in (2) is commonly used for moisture content estimation. In addition to monitoring moisture in this project, if the dielectric constant of the reactive foam differs dramatically from air, then radar methods might additionally respond to the distribution of foam.
It is critical to perform laboratory analyses that closely mimic experimental conditions in the field. The results will determine the optimal geophysical monitoring approaches for quantifying the geophysical attribute sensitivities to various processes associated with the remediation method.
COMPLEX ELECTRICAL METHODS.
The complex electrical method will be used to measure frequency-dependent electrical responses over the range of 0.1-1000 Hz using non-polarizing Ag/AgCl electrodes. This method involves injecting current of different frequencies into a sample volume and measuring the responses relative to a reference resistor to yield phase and electrical conductivity as a function of frequency. Information about both electrical conductivity and the phase response can be obtained from the complex electrical signature. Typically, the obtained electrical conductivity estimate is used to provide information about pore space variations (water content and total dissolved solids) whereas the phase is used to infer information about interactions occurring near the interface of the grains and pore fluids [38] . Archie's Law [39] is commonly used to relate the measured effective conductivity ( where m is Archie's exponent. Neglecting changes associated with surface conduction, cementation and porosity, equation (3) suggests that if an amendment having a higher electrical conductivity replaces pore water, the effective electrical conductivity will increase. The phase response (or induced polarization [IP] ) is generated by the existence of the electrical double layer (EDL) at the grain/pore fluid interface.
Phenomenological formulations, such as the Cole-Cole relaxation model, are often used to model complex electrical response, because theoretically based models for predicting the spectral-induced polarization or phase response are lacking (or extremely difficult to parameterize). Inversion of the complex resistivity data yields estimates of the Cole-Cole parameters chargeability and time constant, similar to those seen in Chen, Kemna, and Hubbard [40] , which can, in turn, be related to pore and grain geometric characteristics as well as pore-grain interfacial phenomena. Interpretation of phase response or Cole-Cole parameters in terms of near-subsurface biogeochemical properties and processes is a relatively new area of biogeophysical research. Recent experimental research suggests that changes in phase response tracks the onset, aggregation, and aging of remediation-induced precipitates [32, 41] and that phase response can be useful for quantifying the volume of remediation-induced precipitates and concomitant reduction in permeability [42] .
Although untested, the phase response (or induced polarization [IP] ) is generated by the existence of the electrical double layer (EDL) at the grain/pore fluid interface. Recent research has revealed that phase responses can be particularly useful for monitoring remediation-induced, biogeochemical transformations that impact the pore-grain interfacial region, such as the onset, distribution, and aging of precipitates (e.g., [31, 41, 43] ). Although untested, the phase responses may also be useful for monitoring the distribution, drainage, and breakdown of foam. This hypothesis is based on previous studies that indicate that the zeta potential (ξ-potential) at gas/liquid interfaces is on the magnitude of tens of milivolts [44, 45] , which is compatible to responses observed in association with solid/liquid interfaces. Although the phase responses associated with solid/liquid interfaces have been subjected to intensive studies, similar research for gas/liquid interfaces is absent from our knowledge. If proven sensitive, the phase response could provide a unique technology for the characterization and monitoring of the fate of the reactive foam.
MICROBIAL MARKERS FOR LONG-TERM MONITORING
Remediation of contaminant plumes, such as technetium and uranium, in the vadose zone has been challenging with respect to site characterization prior to and following remedial activities, design for treatability, and monitoring of treatment efficacy, to name a few. Characterization of physical and geochemical properties is achieved through advances in sensor technologies, modeling, and well placement. However, the biotic composition within the subsurface is also an important component that adds an additional biochemical contribution not currently being assessed. Remedial agent(s) and the long-chain surfactants used to provide the foam-delivery media will come into contact with, not only the targeted contaminant plume, but indigenous microorganisms as well.
Microorganisms almost never exist as single species in nature, but as integrated communities that process available nutrient resources which impact their environment. There is little information for understanding the community dynamics that maintain stable metabolic outputs or produce changes in the environment. Microorganisms adhere directly to surfaces and are the initial contact surface between solid and fluid phase environments. Changes in the environment have impacts to the composition of microbial communities at this solid/fluid phase interface.
The introduction of the remedial amendments may provide an abundant food source for microorganisms in the vadose zone and alter community dynamics. Such changes to the microbial community composition may have dramatic effects on bulk community biochemistry, which in turn may affect the quality of the remedial treatment in terms of effectiveness and transport through the altered environment. Data are needed to enable quantitative fieldscale measurement and modeling capabilities of subsurface microbial communities in the vadose zone for baseline characterization, monitoring of treatment impacts, and long-term monitoring of environmental stability. Moreover, baseline assessment of microbial community structure with depth across the remedial area will be compared with relative geochemistry to determine profiling of community composition with available environmental resources. Introduction of remedial and delivery agents will likely cause short-term community changes that can be monitored and assessed concomitant with contaminant fate and transport. Continued monitoring of community shift and stabilization will also be compared with contaminant tracking to assess effectiveness of remedial treatment and reaction of community dynamics. This profiling can be performed rapidly at the point source, and at downstream gradients where microbial community changes may occur in advance of measurable geochemical metrics, thereby, providing an highly sensitive "warning" of possible changes in contaminant plume behavior or the need for additional in situ remediation.
